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Length-dependent potentiation and myosin light chain phosphorylation in rat gastrocnemius muscle. Am. J. Physiol. 273 (Cell Physiol. 42): C198-C204, 1997. -Changes in muscle length affect the degree of staircase potentiation in skeletal muscle, but the mechanism by which this occurs is unknown.
In this study, we tested the hypothesis that lengthdependent change in staircase is modulated by phosphorylation of the myosin regulatory light chains (RLC), since this is believed to be the main mechanism of potentiation.
In situ isometric contractile responses of rat gastrocnemius muscle during 10 s of repetitive stimulation at IO Hz were analyzed at optimal length (L,), L, -IO%, and L, + 10%. The degree of enhancement of developed tension during IO s of repetitive stimulation was observed to be length dependent, with increases of 118.5 2 7.8, 63.1 t 3.9, and 45.6 ? 4.1% (means t SE) at L, -lo%, L,, and L, + IO%, respectively. Staircase was accompanied by increases in the average rate of force development of 105.6 ? 7.7,55.6 ? 4.1, and 37.2 2 4.4% for& -lo%, L,, and L, + IO%, respectively. RLC phosphorylation after 10 s of lo-Hz stimulation was higher than under resting conditions but not different among L, -10% (40 2 3.5%), L, (35 2 3.5%), and& + 10% (41 t 3.5%). This study shows that there is a length dependence of staircase potentiation in mammalian skeletal muscle that may not be directly modulated by RLC phosphorylation.
Interaction of RLC phosphorylation with length-dependent changes in Ca2+ release and intermyofilament spacing may explain these observations. regulatory light chain phosphorylation; skeletal muscle; twitch THERE IS EVIDENCE THAT phosphorylation of the regulatory light chains (RLC) of myosin is directly related to activity-dependent potentiation of an isometric twitch contraction of fast-twitch skeletal muscle (11, 15, 17, 18) . During repetitive stimulation, each transient increase in cytosolic free Ca2+ results in the formation of Ca2+ l calmodulin complex. This complex subsequently activates the enzyme myosin light chain kinase (MLCK). This enzyme in turn increases the fraction of phosphorylated RLC (3, 15, 17) , which is known from skinned muscle fiber experiments to increase the Ca2+ sensitivity of force generation (19, 27) . Hence, at a given submaximal Ca2+ concentration, there is a greater force development when there is a net increase in phosphate content of the RLC.
There is a length dependence of twitch potentiation. observed that the magnitude of staircase potentiation in rat extensor digitorum longus muscle (EDL) decreased at lengths longer than optimal. In contrast, Moore and Persechini (16) observed a positive relationship between muscle length and magnitude of posttetanic potentiation in mouse EDL at a given level of RLC phosphorylation. These authors (16) suggested that the observation reported by Wallinga-de Jonge (33) could be explained if the magnitude of RLC phosphorylation after staircase at a long muscle length was less than at a short length. This would be consistent with their own observation that RLC phosphorylation was less after a 1.5-s tetanic contraction at a long length than after similar tetanic contraction at optimal length. However, Barsotti and Butler (3) observed no difference in RLC phosphorylation after a l-s tetanic contraction at optimal length compared with a l-s tetanic contraction at lengths longer than optimum. Furthermore, because activation of MLCK is Ca2+ dependent and because it has been suggested that the Ca2+ transients are smaller at short lengths than at long lengths (9, Zl), it would be expected that RLC phosphorylation would be less at short lengths and not greater as suggested by Moore and Persechini (16) .
Clearly, there is a need to evaluate the length dependence of staircase and in particular the magnitude of RLC phosphorylation after a brief period of repetitive stimulation at different lengths. In this study, we tested the hypothesis proposed by Moore and Persechini (16) that length-dependent staircase potentiation is modulated directly by phosphorylation of RLC. To evaluate this hypothesis, we measured the extent of potentiation and RLC phosphorylation in the rat gastrocnemius muscle after 10 s of lo-Hz repetitive stimulation at different muscle lengths.
METHODS
Female Sprague-Dawley rats weighing 160-200 g were used for this study. Rats were housed in a room with a 12:12-h light-dark cycle, and standard rat chow and water were provided ad libitum.
Care and treatment of these animals were according to the Canadian Council on Animal Care, and all procedures were approved by a committee for the ethical use of animals for research (University of Calgary). Muscle Length determination in vivo. The animals were deeply anesthetized with intramuscular injections of ketamine-xylazine (100 mg/ml ketamine and 100 mg/ml xylazine, mixed 85:15 im; dosage 0.22 ml 
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In situ muscle preparation. The triceps surae were exposed and the gastrocnemius muscle was cleared from connective tissue. Insertions of the soleus and plantaris muscles were detached from the Achilles tendon and were partially separated from the gastrocnemius muscle. The calcaneus was cut and the Achilles tendon was connected to an isometric force transducer (Grass model FTIO with black/blue springs) via a thin stainless steel wire, and the sciatic nerve was severed close to the spine. The distal stump of the cut sciatic nerve was placed across a pair of stainless steel wire electrodes for indirect stimulation of the left gastrocnemius muscle. The hindlimb was immobilized with two pins: one placed perpendicularly into the femur and the other axially in the severed tibia. The loosened skin from the hindlimb was stretched and anchored to form a pocket, which was filled with mineral oil. Rectal and oil bath temperatures were monitored and regulated at -37°C throughout the experiment using radiant heat. At the end of the experiment, the rats were killed with an intracardiac injection of KCl. Muscle length adjustments during the experiments. Optimal muscle length (L,) was set during the experiment at the length that gave the greatest developed tension (DT) in response to paired pulses of stimulation (5ms delay). Paired pulses were used because this procedure is considered more likely to result in optimal overlap of the myofilaments than use of the maximal response to a single pulse of stimulation, which is thought to overestimate the optimal length (9). The experiments were carried out at L, -lo%, L,, and& + 10%. These changes in muscle length were based on the in vivo muscle length measurement.
The force transducer was mounted on a rack and pinion device that allowed fine adjustments in the position of the transducer (4 mm/rotation) and thus in muscle length. Before each sequence of repetitive stimulation, L, was determined with a series of double-pulse contractions, and length was subsequently changed (2 10%) as necessary, relative to this experimentally determined optimum.
In the gastrocnemius muscle, a large percentage (-60-65%) of the distance between the most proximal and the most distal end of the muscle fibers consists of tendon (8). In this study, we assumed that the tendon during passive stretch is relatively inextensible, resulting in no significant contribution to change in muscle length at rest. Also, we assumed that a 10% change in the estimated muscle length would result in a similar sarcomere length change in all of the animals, i.e., geometry of the gastrocnemius muscle is similar from one animal to another. It was expected that changes of 10% in the muscle-tendon complex as used in this study would change the length of muscle fibers by -21%. This estimation assumes that -13% of the length change is explained by change in the angle of pinnation (8). Force measurements at different muscle lengths. Single isometric twitch contractions before repetitive stimulation and twitches during 10 s of lo-Hz stimulation were assessed at three different times/conditions during each experiment: L, -lo%, L,, and L, + 10%. The order in which the lengths were studied in a given animal was randomized in a balanced design.
Immediately after the last repetitive stimulation protocol, the gastrocnemius muscle was frozen, with clamps precooled in liquid nitrogen, for subsequent RLC phosphorylation analysis. The muscle was cut from the animal with the clamps in place, and the entire assembly (clamps and muscle) was plunged into the liquid nitrogen. A significant portion of the gastrocnemius muscle was rapidly frozen in this process, and the parts of the muscle tissue that were not completely covered by the precooled clamps were discarded before the remaining muscle sample was stored at -70°C. The freezing procedure (clamp, cut, and plunge) was completed in a few seconds, and it is reasonable to expect that the portion of the muscle between the tongs was frozen before the muscle was cut from the animal. This procedure has been used successfully before with this in situ preparation (II, 30, 31) . Thirty-six animals were used in this part of the study, giving 12 muscles frozen after staircase at each length (L, -lo%, L,, and L, + 10%). Three additional groups were formed with animals that did not undergo repetitive stimulation. The muscles were frozen for analysis of RLC phosphorylation after IO min of inactivity at each of the length conditions (n = 6 at each length).
Muscle stimuzation procedures. Stimulation (Grass model SSS) was done with supramaximal square pulses 50 ps in duration (l-10 V). In these experiments, there were three periods of stimulation, one including staircase at each designated length. In each period of stimulation, paired pulses were initially used to set the muscle at L,. Subsequently, a twitch contraction was recorded to permit assessment of fatigue. The muscle length was then adjusted to the required position and four twitch contractions (20-s interval) were elicited. The last of these contractions was used to assess the twitch characteristics associated with each length condition. The muscle was then stimulated (single stimulus) for 10 s at 10 Hz, and twitch contractions were recorded at 0,5, and 10 s. After the repetitive stimulation, the muscle was permitted 10 min of inactivity (rest) to allow dissipation of the potentiating factors associated with the repetitive stimulation and more specifically to permit RLC phosphorylation to return to resting levels.
In addition to the procedures described above, when L, -t-10% was the first length to be assessed, twitch contractions at L, were recorded before and IO min after the repetitive stimulation.
These twitch contractions were used to determine whether muscle fiber damage resulted from this condition, since this may occur as a result of stimulation of a stretched muscle (4). Digitized (4,000 Hz) contractions were analyzed by computer for the following parameters: DT, measured as the amplitude difference between the resting tension and the peak of the contraction; contraction time (t,), measured from the first detectable increase in tension to the peak of the twitch; average rate of force development (DT/t,), determined as the DT divided by t,; half-relaxation time (Rt& the time measured from the peak of the contraction until tension decreased halfway to the initial tension; and peak rate of relaxation (minimum dP/dt), determined as the maximal rate of tension decline over 10% of the relaxation phase of the twitch.
Myosin RX' phosphorylation. The frozen muscle samples were analyzed to determine the proportion of phosphorylated RLC. The procedure used for analysis of RLC phosphorylation has been described previously (11, 17, 24, 30, 31) . The muscle was first pulverized by percussion in an aluminum device precooled in liquid nitrogen, and then -8-10 mg of frozen tissue were homogenized at 0°C with a Polytron that remained in a cold chamber and were subsequently centrifuged (15 min in the cold at 1,500 g). The resulting supernatant was removed and stored in a freezer (-70°C) for subsequent analysis.
The supernatant was subjected to pyrophosphate polyacrylamide gel electrophoresis to isolate the myosin (gel composed of 40 mM sodium pyrophosphate, 20% glycerol, 200 mM ethylenediaminetetraacetate, 0.375 M sodium fluoride, and 3% bisacrylamide, at a pH of 8.8). Gels underwent electrophoresis (90 V) for 3.5 h at 0°C. The myosin band was identified c200 MUSCLE LENGTH with Coomassie blue stain (R-250, Sigma), cut from the gel, and stored in a freezer (-7O"C), usually overnight. The isolated myosin was subsequently denatured and subjected to isoelectric focusing over a pH range from 4.5 to 6 to separate the phosphorylated from the nonphosphorylated light chains. Gels from isoelectric focusing were fixed with 15% trichloroacetic acid and then silver stained to identify the bands representing the light chains. The gels were subsequently scanned using a laser densitometer (LKB 
RESULTS
Single-twitch contraction.
The magnitude of the twitch DT was not different when measured at L, at different times during the experiment (i.e., before the muscle underwent repetitive stimulation at the various lengths). This finding suggests that there was not a fatigue effect during the experiments. Also, for those muscles exposed to repetitive stimulation at L, + 10% in the first condition, there was no difference in DT between twitch contractions elicited before and 10 min after 10 s of lo-Hz stimulation. Therefore, intra-animal differences in force magnitude were not apparently due to damage in muscle fibers because of stimulation at elongated muscle lengths.
The characteristics of a single twitch contraction at different muscle lengths are presented in Table 1 . The differences found between muscle length conditions for DT, t,, Rtllz, DTIt,, and minimum dP/dt were similar to those reported previously (34). The decrease in DT at muscle lengths other than optimal, together with the prolongation of t, and Rt 1/2 during twitch contractions at lengths beyond optimal, supports observations of others who used the whole EDL of the rat (34) or the soleus muscle from the cat (20). A decrease in force of 17.2% at long muscle lengths is somewhat less than results from studies that measured the sarcomere length directly, in which a decrease of -30% is reported for tetanic contractions at the same apparent fiber length (25, 29) . However, this result is not surprising, since it has been shown that preparations that use fixed length contractions give greater DT in the descending limb of the force-length relationship than contractions for which sarcomere length is controlled during the contraction. For example, Granzier and Pollack (7) observed a decrease as small as 10% at a similar fiber length, using fixed-end tetani in the semitendinosus muscle from the frog. Furthermore, since length dependence of activation permits an increase of twitch amplitude as length is extended beyond optimal overlap, it is not surprising that the decrease in DT at the long length was not as great as the decrease at the short length.
Repetitive stimulation. Stimulation at 10 Hz for 10 s resulted in a staircase response at all three muscle lengths studied. The results of a typical experiment are presented in Fig. 1 , which shows superimposed traces of twitch contractions recorded at 0,5, and 10 s of lo-Hz stimulation. It is clear from these traces that the degree of potentiation is inversely related to the muscle length. At L, -lo%, the increase in twitch DT from 0 to 10 s of stimulation is greater than at the other lengths. Furthermore, the pattern of relaxation differs in the three conditions studied. When the muscle was stretched beyond L,, the relaxation time became longer and the minimum dP/dt became slower.
The effects of length on potentiation of the isometric twitch are shown in Fig. 2A (absolute values) and Fig.  2B (expressed as the DT relative to the first twitch contraction). The mean DT increased in a staircase response during 10 s of lo-Hz repetitive stimulation at all lengths. When these values were expressed relative to the first twitch contraction (Fig. 2B) , the length dependence of staircase potentiation was more evident. In agreement with Wallinga-de Jonge (33), the degree of potentiation was inversely related to the muscle length; the magnitude of enhancement of the DT was greater at L, -10% and smaller at L, + 10%. These results also agree with findings of Roszek et al. (22), who reported a higher degree of potentiation during low-frequency stimulation (15 and 20 Hz) at lengths below optimum than at optimum length in the rat gastrocnemius muscle. However, these data are contrary to results observed during posttetanic potentiation (16), when muscles at lengths greater than optimum presented a higher degree of force enhancement. These conflicting results may be due to differences in the conditioning stimuli, since Moore and Persechini (16) used a fixed tetanic contraction at optimal length and measured posttetanic potentiation by changing lengths during subsequent twitches. In contrast, we have used repetitive stimulation at each muscle length. The increase in DT during repetitive stimulation was accompanied by an increase in DTIt, in the three length conditions (Fig. 3A) . This parameter followed the same pattern of change as DT, with a greater increase observed at short lengths. This close relationship between increases in DT and rate of force development has been observed previously in studies that show staircase potentiation of mammalian skeletal muscle (12) . When normalized for the first twitch contraction recorded, the relative increases in DTIt, observed at 10 s were different among all lengths (101.6 t 7.7, 55.6 t 4.1, and 37.2 t 4.4% for L, -lo%, L,, and L, + lo%, respectively).
At L, and L, + lo%, the minimum dP/dt increased from 0 to 5 s and then plateaued, but at L, -10% a not different between these length conditions (78.4 t 2.8,85.7 t 2.4, and 80.8 ? 2.7%, respectively). Figure 5 shows the gel analysis and the scan results from typical muscles frozen at rest (A) and under potentiated (B) conditions (in this case at L,). It is clear that the bands representing the phosphorylated light chains are different at these two different conditions, as are the peaks recorded with the densitometer used in quantification of RLC phosphorylation. Figure 6 shows the mean values of RLC phosphorylation for the stimulated (n = 36) and rested muscles (n = 18). Although the poststimulation muscles showed a higher RLC phosphorylation than the rested muscles, as expected (11, 15, 17, lS) , no differences were observed among L -lo%, L,, and L, + 10% for either the rested muscles or muscles after 10 s of lo-Hz stimulation.
further increase in minimum dP/dt was observed from 5 to 10 s (Fig. 3B) . When expressed in relative terms, changes of201.1 t 21.7,90.5 ? 9.2, and 85.3 t 6% were observed over the 10 s of repetitive stimulation at Lolo%, Lo, and Lo + lo%, respectively.
Values for tions during t, and lo-Hz Rtl12 of the isometric twitch contracstimulation are presented in Fig. 4 . The values of t, did not change during the staircase response at any muscle length, as shown previously at optimal length (12). In all conditions (Lo -lo%, Lo, and Lo + lo%), there was a decrease in Rtlj2 from 0 to 5 s, and no further change from 5 to 10 s. At 10 s, the values of RtllZ normalized for the first twitch contraction were As in previous studies (9, 16, 33) , it was observed that changes in muscle length affected potentiation. Further, the degree of staircase potentiation was inversely related to the muscle length, similar to previous observations (22, 33 ). An increase in phosphate content of the RLC during repetitive stimulation was also observed in our results, consistent with previous investigations (11, 17, 18) , suggesting that potentiation is associated with RLC phosphorylation. However, this increase was essentially independent of muscle length, suggesting that RLC phosphorylation does not directly modulate the length dependence of staircase. This observation does not permit resolution of the apparently contradictory results between the degree of potentiation during staircase (33) and during posttetanic potentiation (16) at various lengths.
Our results seem to indicate that either factors in addition to RLC phosphorylation contribute to staircase potentiation or the effects of RLC phosphorylation on potentiation of a twitch contraction are changed at different lengths. This latter effect could be modulated by the interfilament distance (35) or by changes in processes involving Ca2+ activation in the myoplasm (18).
Stretching the muscle causes a decrease in interfilament space (13). This decrease would result in an approximation between actin and myosin (1) and may change the Ca2+ aflinity of troponin C, resulting in altered force generation in muscle during submaximal activation. It is possible that this decrease in interfllament space as the muscle is stretched also changes the effect of RLC phosphorylation in staircase potentiation. If potentiation via RLC phosphorylation is caused by an increase in the average cross-bridge position away from the thick filament, as suggested by Sweeney et al. (26) , the impact of this effect could be diminished at longer muscle lengths. This hypothesis would be consistent with our results, i.e., a given level of RLC phosphorylation had a greater effect on the force enhancement at short lengths, for which the interfilament space is greater. Also, this would agree with observations of Yang et al. (35) , who observed an absence of RLC phosphorylation-induced potentiation at a sarcomere length of 3.2 pm, at submaximal Ca2+ concentrations.
It is known that RLC phosphorylation affects the degree of potentiation more effectively at conditions of low Ca2+ concentration (14, 19, 27, 28) or during attenuated sarcoplasmic reticulum Ca2+ release (18). It has been observed in frog skeletal muscles that the amplitude but not likely the duration of Ca2+ transient in response to a single stimulation is diminished at short lengths (9, Zl), and activation induced by Ca2+ release increases in muscle elongated beyond optimal length (9). If this is true for mammalian skeletal muscle, it would result in a greater effect of RLC phosphorylation on force enhancement at shortened muscle length, as we observed at L, -10%. Conversely, a decreased effect of RLC phosphorylation on potentiation of a twitch contraction would be expected at L, + 10%. This is also consistent with our observations. The changes observed in DPIt, follow the same pattern as changes observed for DT: at L, -10% the increase in DPIt, was greater than at L, and L, + 10%. Conversely, although the t, is abbreviated at short lengths and increased in stretched muscles during a single-twitch contraction, it does not change sigmficantly during repetitive stimulation, regardless of muscle length. These findings together suggest that potentiation at all lengths studied was probably not . related to changes in duration of activation but rather to an increased intensity of activation during repetitive stimulation. This is consistent with the augmentation of RLC phosphorylation during lo-Hz stimulation observed at all length conditions. It is expected that RLC phosphorylation would increase Ca2+ sensitivity of force generation (27) and rate of tension development (32), and these effects would increase DT without affecting t,.
However, it is striking that RLC phosphorylation was similar at all lengths studied; a decreased level of Ca2+ liberated from the sarcoplasmic reticulum during a twitch contraction would be anticipated to reduce the quantity of the Ca2+ l calmodulin complex available to bind with MLCK. In this case, if Ca2+ release is diminished at short lengths, then activation of MLCK would be reduced at L, -lo%, resulting in a smaller increment in phosphorylation of RLC. Perhaps changes in the magnitude of th .e Ca2+ transient during repetitive stimulation cou ld explai n our observations. For example, if the Ca 2+ transient associated with the first stimulus was of relatively small amplitude (integral), but successive Ca 2+ transients were augmented,-then after 10 s the same degree of RLC phosphorylation could be achieved. This pattern of change in Ca2+ transients would also explain the greater enhancement of the twitch response during the repetitive stimulation short length. It should be cautioned, however, that at the at the present time it is not known whether or not the amplitude and/or time course of these Ca2+ transients change during repetitive stimulation. One indication that the Ca2+ transients do not change is the fact that t, is not altered during the repetitive stimulation. It is known that caffeine, which enhances the twitch response by ing Ca2+ release, also causes t, to be increased ( enhanc-10) . It is recognized that the change in force over time for stimul ated contractions effects of se veral factors must represent the combined that may enhance or diminish these n this factors is case, DT) the force expressed response. The net effect of in the measured response (i at a given time. Therefore, it is conceivable that the observation of a greater potentiation at short lengths than at long lengths could be the result of greater fatigue (negative influence) at the longer lengths. This, however, is in contrast with several reports that have shown greater fatigue at short lengths than at long lengths (2, 5, 6, 23) . These observations do not confirm that stimulation at 10 Hz for 10 s will result in less fatigue at a given length, but they suggest that differences in length dependence of fatigue will not likely contribute to the observed differences in twitch potentiation at a given level of RLC phosphorylation.
